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ABSTRACT

An evaluation of two heating methods for demonstration of NASp leading edge heat pipe
:echnology was conducted. The heating methOdS were and RF induction heated plasma jet and direct RF
induction. Tests were conducted to determme coupling ifOm the argon plaSma jet on a suriace physically
slmllar to a heat pipe, A molybdenum tipped calorimeter was fabricated and installed in an rt induction
heated plasma jet for the test. The calorimetric mi?aSUrementS indicated a Inaximum power coupling 01
approximately 500 W/cm2 with the d plaSma let. The efle~ of chan9e in gas Commsition on the heating rate
was investigated using helium, An alternative to the Plasma heating of a heat PiFMlip, an d concentrator was
evaluated for coupling to the hemispherical lip of a heat PIPe. A refractory metal heat pipe was designed.
fabricated, and tested for thf3 evaluation. The heat pipe was des:gned for operation at 1400 to 1900 K with
power Input to 1000 W/cm2 over a hemispherical nose lip. Power input of 800 W/cm2 was demonstrated
using the d concentrator.

INTRODUCTION

The cooling requirements for the wing and engine duct leading edges of the NASP exceed the
Ilmits cIf demonstrated heat pipe technology. Heating rates tor thes6 suriaces range up to 5000 W/cm~
‘he external atmosphere IS oxdizmg and the dynamic environment severe. Design requirements call for
‘epeated US9ot the arcratt without replacement or rePalr of the cntlcal Suflaces. If radlatm heat rejection IS
to be used, ihe surlaces must operate al temperatures m the range of 1200 to 1S00 K. This combination of
requirements has not been encountered before and constitutes a severe heat pipe design requirement. In
addition, the combination of high temperature and high heating rate Complicates ground test of designs.
Development of the basic heat pipe and test tleat tranSfer techno~gy is of fundamental interest to the
NASP program.

To address the heating raqulrernents, a series of experiments was Conducied using an inductbn-
couplad plasma torch and an II cOrtOerIratOr. A refractoq metal heat P@ was designed and fabricated for
use m the heat source evaluattin and as a demonstration 01high radial heat flux operation of heat pIpSS,

DESCRIPTION OF HEATING METHODS

The Induction plasma torch included a quartz fube, opel? at one end, with plasma formmg gas
supplied at the other end. An rt coil surroumted the tube near the center and served to couple energy into
the plasma by induction. The power was supplied to the cdl by a CCMWTWClaid healing unit modified to
measure the operating frequency. The plasma torch Operates by inductive coupling to the ionized gas at or
near thermal equilibrium. Since the tomb b eledrodeless and Can be used with ariy gas desired, this type of
apparatus is usett,rl In high temperature research and WKJineenng. A plasm torch is designed to heat gases
to very high temperatures by taking advantage of the ;Iigh arnductivlty of m Krnlzed gas.( 1)

Heating by rf InductIon is based on three main Pflnciple8: electromagnetic induction, skin effecl, and
heat transfer. This concept lo similar to the well-known tran8f0~r thso~, but modlfbu and based on a
single-turn, short-circuited secondary whd!ng. [n a conventional transformer one expects, In a alrnpllfled
form, a zero flux leakage, such that the bad wrrent Is related dlractly to the srJP@ycurrent by the turns ratb,
The primary and secondary Iossee are directly related to ttle wh’tdlng~i It Ihe ti=ndary ie considered as a
single4urn, short-circuited windlnq, the secondary current will be high and considerable Iossea will
develop.(2)

Applying this concept to rl heating, the heating Icqd Is a muttl-lurn prlma~ and single.turn, short.
circuited secmdary, separated by a Simallair gap and a quartz Insulator. Heating is aliected by ‘skin etlects’
whkh are a Iunctlon of frequency, CIJ~ent density falls off from tha surface to the center of the workbad
with the rate of decrease higher at higher frequencies. Heating ia also dependent on the resistlviiy and
relative permeability of the material being heated. The prlrna~ iS usually constructed of copper, and IS
generally water-cmled.



APPARATUS AND TESTING

,4 series of experiments was conaucted with the plasma jet to evaluate instrumentation. Hi~h-

:em~erature thermocouples were Installed inS@3 a mo@cfenl~m heat rxpe shell. A black-body cavity was
macnmed into the mwde su!IaCe of the nme tm of the slmu~ated heat Pipe. and optical instrumentation was
set up to read sudace temperatures througn the Plasma let atmosphere both axla!ly and downward througn
:he senter of the let and radially. These e)(PerlmentS mdlcated that black-body radiation from the plasma was
at too high d level to allow reamg of the Sunace temoeralures throuqnIhe gas, either axially or radially. The
thermocouple mstrumenlatlon was more Successful, altnOuqn ff-If’IdUCed voltaqe on “le thermocouple lines
was a problem, as anticipated. The most IVomlslng temperature measurement technique was provided by
opttcal reading of the internal black-body cavm+. These readmqs require calibration for window losses
through the vacuum enclosure. but should be repeatable once calibrated.

A single pass waIer Caionmeter was aewgned anti built for Power measurements during the high
heating experiments using the plasma torcn. The calorimeter had a molybdenum nose (IP brazed 10 a
stainless steel body, as shown m Fig. 1 Durln9 testlnq, a radiation Shield was placed arwnd the calorimeter

at the spherical to cylindrical inte~ace. to Insure tnat the Wwer comlnq trom the Plasma was intersected by
the spherical end of the calorimeter The lower portion of the calorimeter was Ir!sulated with carbon fiber
insulation to mmimlze thermal exchange wltn Its environment. Figure 2 shows the calorimeter installed m the
plasma torch chamber.

The efficiency of the torch IS aDproxlmateW on third of the Dower rjomg m the output circuit of the
generator. In these !ests about 1725 kW were courxed intO the qas. The oDenmg of the torcn was 20.27
cm2 gwmg a heat flux through the Opening ot 852 ~V/cm2. For an input power to the test article of 1000
W/cm2, a total at 4.3 kW would have to be measured by the calorimeter Experiments were conducted at
different frequencies and vawlng gas combinations. Figure 3 shows ratio between rf generator power to the
measured throughput al the calorimeter at different generator frequetWies. As mcficated on the graph, the
lower frequency produced the higher throughput. The cabrimetric measurements indicated a maximum
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Fig, 1, single pass water caloftmeter,



Fig. 2. Calorimeter in plasma torah,
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Fig, 3, Plasma power vs, power throughput,



oower throughput of 2.5 kW with cou Phng of approximately 500 W/Cm2 at the spherical end of the
calorimeter. This level was within the des~gn range for the NMP wing leacmg edqe heatmq but below
design goal. The effect of change m gas Composition on the heating rate was investigated using hellum.
Althougn the higher thermal conductwlty of the helium might be expected to result in higher heat rates the
reduced effectweness of the rf Coupling frOm the Susceptor to the plaSma resulted in a net decrease. A
larger rf power source would be necessary to achieve the deslreci level of 1000 W/cm2

RF/HEAT PIPE EVALUATION

Heat Pl~e Fabrlcatlan and Proces sing

A heat pipe was constructed from molybdenum tutmg with an outside diameter of I 90 cm, ~ wail
thicknessof 0.152 cm and a length of 50.8 cm. one layer of 150 mesh Mo screen was placed against the
inner wall for circumferential fluid distribution. One layer of 40 mesh Mo screen was plac~d agalns! the 150
mesh screen as a structural support to serve to deter entrainment. Each of the screen .vicks was
constructed by spiral wrapping screen StrlPSover lr~dividual iron mandrels and spot welding t~a edge of the
screen to Itself to form a screen tube. Because the Mo screen was alsc spot welded to !he Iron mandrel
during fabrication, the Iron mandrel was dlSsolved with a 50/50 l+CL-1+2’Osolution Ieavmg behinci the formed
screen tubes. One end of each of the screen tubes was shaped to Conform to ths spherical inside tip of the
heat pipe, An thermocouple well with a 0.32 cm InSide diameter ran the length of the heat pipe. The heat
ppe ISshown m Fig, 4.

All heat ptpe parts were chemically cleaned and vacuum-fired before EB welding. Before Ii;niurn
charging, the heat pipe assembly was vacuum fired at 1700 K. Lithum was introduced into the heat pipe by

vacuum distillation. Figure 5 is a schematic of the distillation setup attached tc the heat pipe. Upon
completion of the lithium distillation, the heat Pipe was positioned horizontally and heated uniformly over
their entire length to distribute the lithium charge and to ensure cOmPlete wefting of the interior surface.

Fig, 4, NASP heat pipe.
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Fig, 6 RF concentrator,



An rf concentrator was constructed of a 20.0 cnl diameter by 0.157 thick copper sheet. A hole was
drilled m the center of the piate to accommodate th@beat pipe and an inSulator. ~apper tubing, 0.79 cm in
autside diameter, was formed into a coIl and aflach@d to the Plate at the innermost COILthus creating a single
iurn transformer. A cooling coil was attached to the copper sheet on ihe opposite side of the d coil. In
~peratlon voltage was reduced in the copper sheet to inCreaSe COUpling of tb COII to the WOrk-piece. Figure
6 ISa photograph of the concentrator.

TEST ARRANGEMENT AND APPARATUS

Instrumentation

The heat pipe was instrumented with tungsten!tungsten-26 °/0 rhenium thermocouples for
temperature monitoring during testing. The thermocouples were located at three location evenly spaced
a:onq the length of the heat Pipe through the th@r~couple w@ll. Opticai instrumentation was also used to
monitor the surface temperature of the heat pipe. Because of rf-induced voltage on the thermocouples, the
optical reading were more successful. The instrumented heat pipe was then inserted into a quafiz vacuum
envelope for testing, The rf concentrator was slld over the quartz envelope to suPply heat innut to the heat
pipe, A photograph Illustrating the setup ISshow m Fig .7.

Fig. 7. NASP experimental setup.



Initially a performance test of the heat pipe was conducted to verify the start-up operation from the
frozen state and to demonstrate freedom from nOn-Condensable gas contamination. This was
accomplished by setting the heat pipe vertically and heating at the bottom end 10 1525 K. The test
indicated that the heat pipe was free of non-condensable gas, had been loaded with sufficient lithium for
operation and had a mininum amount of excess fluid during operation.

The heat pips was tested in a vacuum test chamber with vacuum levels in the region surrounding
the heat pipe in the 10-5 torr region. A number of onentafions were investigated from a vedical position
down io a 10 degree adverse tilt. These tests were conducted at different temperatures. Alf of the tests
were started using the same reference starting condition indicated on d generator power setting. The
power setting was increased at a specified rate and temperature and Power throughput recorded. This
procedure was maintained until the heat pipe tip reached a temperature around 1900 K, considered a limit
for the heat pipe operation.

Figures 8-13 give plots of the test data at various tilt angles of temperature VSheat inpui at the tip of
the heat pipe in Wlcm2. As can be seen on the figures, tile largest heat inPul occurred when the heal pipe
was in a horizontal position and the lowest when in a vertical orientation,
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Fig, 8. Test at vertical orientation.
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Fig. 11. Test at 30 degree off tmfizontal.
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Fig. 13. Test at 10 degree adverse tilt.

CONCLUSIONS

The d plasma jet lends itself well for heating a leading edge cooling devioe. The ability to couple
500 W/cm2 is well within the design range for the N.~sp wing leading edge nesting but below the desired
goal. In order to achieve 1000 W/cm2 using the Plasma Iel, a larger rf generator is requked. Heating by
direct d induction was very successful. No limits on the heating ability by direct d induction were
encountered. Test results show that a refractoW metal heat pipe should be seriously considered as a
cooling device for NASP UP to 800 W/cm2 have been demonstrated using a molybdenumliimium heat
pipe. It is recommended that a laf9er effofl be placed in evaluating refractory metal heat pipes as a means of
cooling the NASP leading edge.
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